The cyclophilins are a group of cellular proteins with peptidyl-prolyl isomerase enzymatic activity, which catalyze the cis to trans conversion of proline-containing peptides and facilitate protein folding.[@bib1], [@bib2] There are 7 main cyclophilins in human beings: cyclophilin A (CYP)A, CYPB, CYPC, CYPD, CYPE, CYP40, and CYP natural killer (NK),[@bib1] which are localized in different cellular compartments. For example, CYPA and CYP40 are present in the cytosol, CYPB and CYPC reside in the lumen of the endoplasmic reticulum, CYPD is present in the mitochondria, and CYPE is localized in the nucleus.

Cyclophilins are involved in the life cycle of a wide range of viruses including hepatitis C virus (HCV), human immunodeficiency virus, vaccinia virus, coronaviruses, and polyomavirus BK, acting as host co-factors essential for virus replication.[@bib3], [@bib4], [@bib5], [@bib6], [@bib7], [@bib8] CYPA is the main cyclophilin that is involved directly in the life cycle of HCV[@bib2], [@bib3], [@bib4] and inhibition of its peptidyl-prolyl isomerase activity with cyclophilin inhibitors was shown to interfere at multiple sites of the HCV life cycle in hepatocytes, affecting not only replication but also the HCV secretion from infected cells.[@bib9], [@bib10], [@bib11], [@bib12], [@bib13] The role of cellular cyclophilins in the hepatitis B virus (HBV) life cycle, however, is poorly understood.

In the present study we investigated whether hepatocyte cyclophilins are involved in HBV replication, hepatitis B surface antigen (HBsAg) production and secretion, and the effects of nonimmunosuppressive cyclophilin inhibitors alone and in combination with a direct antiviral agent targeting HBV polymerase.

Materials and Methods {#sec1}
=====================

Cell Lines Supporting HBV Replication {#sec1.1}
-------------------------------------

Four human hepatoma cell lines that produce full HBV virions and HBsAg subviral particles were used in this study: (1) HuH-7 cells (Japan Health Science Research Resources Bank, Osaka, Japan), and (2) HuH-7 with stable knockdown (KD) of CYPA using a short hairpin,[@bib11] both cell lines were transfected with HBV DNA; (3) HepG2215 cells, which are stably transfected with HBV DNA; and (4) HepaRG cells (Invitrogen, Carlsbad, CA), which were infected with HBV. The HuH-7 and HepG2215 cells were cultured at 37°C and 5% CO~2~ in Dulbecco's modified Eagle's medium (DMEM; Life Technologies, Paisley, UK) with 10% fetal calf serum (FCS) (Life Technologies), as described previously.[@bib14] The HuH-7 CYPA KD cells were cultured in DMEM/10% FCS plus 1× nonessential amino acids and 1 μg/mL of the selection marker puromycin (Life Technologies). HepaRG cells are terminally differentiated and were purchased from Invitrogen (Carlsbad, CA). The cells were cultured according to the manufacturer's instructions (HepaRG Cell User Guide; Invitrogen) on collagen I--coated plates. Initially, cells were grown in William's Medium E with HepaRG Thaw, Plate&General Purpose Medium Supplement and GlutaMAX (Invitrogen), and prepared in a standardized 2-step process. After 7 days, cells were maintained in William's Medium E with HepaRG Maintenance Medium Supplement plus GlutaMAX.

HuH-7 and HuH-7 CYPA KD cells were transfected with a HBV plasmid, pSM2 (kindly provided by Professor Hans Will), which contained a head-to-tail HBV-DNA dimer.[@bib15] Briefly, HuH-7 cells, at a density of 1.5 × 10^5^/well, were seeded onto 24-well plates and cultured for 48 hours at 37°C to reach confluency. The cells then were transfected with 0.5 μg of pSM2 with Fugene 6 (Roche, Burgess Hill, UK) according to the manufacturer's instructions. The transfection efficiency was determined using a β-gal staining kit (Life Technologies). HepaRG cells were infected with HBV derived from 5-day culture supernatants of AD38 cells, as described.[@bib16] HepG2215 and HBV-infected HepaRG cells were seeded at 1 and 0.3 ×10^6^ cells, respectively, onto 24-well plates and maintained at 37°C. The cell lines subsequently were treated as described later.

Small Interfering RNA Transfection for Silencing Cellular Cyclophilin Expression {#sec1.2}
--------------------------------------------------------------------------------

HepG2215 cells were transfected with CYPA, B, C, or D small interfering RNA (siRNA) (siGENOME SMART pool; Thermo Scientific Dharmacon, Epsom, UK). To optimize the knockdown effect of cyclophilin expression, preliminary experiments with a range of siRNA concentrations, specific for each cyclophilin, were conducted by testing 30, 60, 100, and 150 nmol/L over 96 hours (see the [Supplementary Materials and Methods](#appsec1){ref-type="sec"} section). The cyclophilin messenger RNA (mRNA) expression at baseline and at different time points after siRNA transfection was assessed by real-time polymerase chain reaction (PCR) with primers specific for each CYPA, B, C, and D. After these optimization experiments, siRNA stock solutions of 20 μmol/L were diluted in 50 μL Opti-MEM medium (Life Technologies) for a final concentration of 60 nmol/L for CYPA and CYPD siRNA, and 100 nmol/L for CYPC. Lipofectamine 2000 (Invitrogen, Life Technologies) was diluted into 50 μL Opti-MEM medium and incubated for 5 minutes at room temperature. Combined diluted siRNA and diluted Lipofectamine were incubated for 30 minutes at room temperature.

HepG2215 cells (1 × 10^5^ cells per well) then were treated with the siRNA--Lipofectamine complex and incubated for 48 hours at 37°C. Nontargeting scrambled siRNA was used as a negative control; glyceraldehyde-3-phosphate dehydrogenase siRNA and siGLO (Thermo Scientific Dharmacon) Green were used as positive controls for siRNA delivery and transfection, respectively. The specificity of siRNA silencing was cross-checked using real-time PCR and primers specific for CYPA, CYPC, CYPD mRNA with HepG2215 cells transfected with CYPA, CYPC, or CYPD siRNA, respectively. This confirmed that each siRNA selectively decreased only targeted cyclophilin mRNA (by approximately 80%), whereas the other cyclophilin (CYPA, CYPC, or CYPD) mRNA expression was comparable with the control (scramble siRNA). The knock-down effect for CYPA protein was tested further by Western blotting[@bib11] and by enzyme-linked immunosorbent assay (ELISA), as described later.

Compounds and Cell Treatment {#sec1.3}
----------------------------

Alisporivir and NIM811 are nonimmunosuppressive cyclophilin inhibitors[@bib9]; telbivudine, a nucleoside analog, is a potent inhibitor of HBV-DNA polymerase.[@bib17] All compounds were provided by Novartis (Basel, Switzerland).

In a series of experiments, the cells used (stably transfected HepG2215, transiently transfected HuH-7, HuH-7 CYPA KD cells, and HBV-infected HepaRG cells) were cultured alone and with several concentrations of alisporivir or NIM811. Alisporivir and NIM811 stock solutions were prepared as 2000× stocks in 100% dimethyl sulfoxide (DMSO) and the final working concentrations of alisporivir and NIM811 (0.25, 1, 5, and 20 μg/mL) were prepared daily in DMEM/10% FCS with a final DMSO concentration of 0.05%. The control also contained 0.05% DMSO. The culture media were replaced every 24 hours with 1.5 mL of fresh alisporivir-containing or NIM-containing medium. Supernatants and cells were collected at baseline (BL), and at 24, 48, and 72 hours. HBV-infected HepaRG cells were treated with alisporivir or NIM811 for 7 days, cells and supernatants were collected at BL, and at 24, 72, 120, and 168 hours ([Supplementary Figure 1](#appsec1){ref-type="sec"}). For all conditions and time points, HepG2215 and HuH-7 cells were tested in at least 3 independent experiments with each condition run in triplicate wells. HepaRG and HuH-7 CYPA KD cells were tested in duplicates. Because the culture medium was replaced every 24 hours, the graphic representations of the results for viral particles secreted in supernatants are shown with each time point starting from zero after each medium change.

Cytotoxicity was assessed by microscopic observation of the cells, trypan blue exclusion, and/or by lactate dehydrogenase (LDH) release in supernatants using the LDH-cytotoxicity assay kit (Biovision Research Products, Mountain View, CA).

Before treating HepG2215 cells with the combination of alisporivir (ALV) and telbivudine, we first tested the antiviral activity of a range of telbivudine concentrations in the current model. Stock solutions with 2000× telbivudine in 100% DMSO were used to prepare 6 working concentrations daily, ranging from 0.04 to 20 μmol/L telbivudine ([Supplementary Figure 2](#appsec1){ref-type="sec"}). The cell culture medium containing these working concentrations was replaced daily and samples were collected at BL, and at 24, 48, and 72 hours. Based on this experiment, in the subsequent combination experiments telbivudine was used at 10 μmol/L (2.42 μg/mL), which corresponds to the maximum concentration levels observed in clinical studies (see [Supplementary Materials and Methods](#appsec1){ref-type="sec"} section). To test the antiviral activity of ALV in combination with telbivudine, HepG2215 cells were treated for 72 hours with the following: ALV 0.25 μg/mL/telbivudine 10 μmol/L, ALV 1 μg/mL/telbivudine 10 μmol/L, ALV 5 μg/mL/telbivudine 10 μmol/L, and ALV 20 μg/mL/telbivudine 10 μmol/L.

Evaluation of HBV Replication: Quantitative Real-Time Polymerase Chain Reaction and Southern Blotting {#sec1.4}
-----------------------------------------------------------------------------------------------------

Intracellular, nucleocapsid-associated viral DNA was extracted from transfected HuH-7 and 2215 cells or HBV-infected HepaRG cells, as described previously.[@bib14], [@bib18] The culture supernatants were treated with DNase I for 1 hour at 37°C, 10 minutes at 75°C, and then placed on ice for 1 minute. The supernatants were centrifuged at 10,000 rpm and the pellets were discarded. The DNA was extracted from the supernatants using the QiAamp DNA mini Qiagen kit (Qiagen, Sussex, UK). HBV DNA was quantitated by TaqMan real-time polymerase chain reaction (Applied Biosystems 7500; Applied Biosystems, Paisley, UK) using the EuroHep HBV standard and HBV-DNA plasmid.[@bib14], [@bib18]

For Southern blot analysis, 20 μg of HinD III--treated intracellular DNA was analyzed on a 1% agarose gel and transferred to a Hybond-XL (GE Healthcare Life Sciences, Pittsburgh, PA) membrane, as described.[@bib19] Radioactive HBV-specific probes were generated from a Sac I--HinD III fragment derived from pSP65-ayw-1.3 by nick translation and purified by spin column chromatography. Prehybridization, hybridization, and washes were as described previously.[@bib20]

Quantitation of HBsAg, CypA, and CypB by ELISA {#sec1.5}
----------------------------------------------

HBsAg secreted during cell culture (sHBsAg) and intracellular HBsAg (iHBsAg) were quantitated using a commercially available HBsAg ELISA (Abazyme, Needham, MA). HBsAg levels were quantitated in triplicates of the culture supernatants and cytoplasmic extracts of stably and transiently transfected cells. A standard curve was established by using a serial dilution of a known quantity of purified HBsAg protein (American Research Products, Belmont, MA).

The intracellular CYPA and CYPB levels in supernatants were quantitated by ELISA, as described previously.[@bib21]

Statistics {#sec1.6}
----------

Statistical analyses were performed using the SPSS package (IBM, New York, NY). One-way analysis of variance was used, followed by Dunnett\'s post hoc test to compare one treatment group with the nontreated group and the Tukey post hoc test was used for multiple comparisons between groups.[@bib22] A *P* value less than .05 was considered statistically significant.

Results {#sec2}
=======

Alisporivir and NIM811 Reduce HBV Replication {#sec2.1}
---------------------------------------------

Alisporivir treatment of HepG2215 cells resulted in a progressive reduction of secreted and intracellular, nucleocapsid-associated HBV DNA dependent on both drug concentration and time of drug exposure ([Figure 1](#fig1){ref-type="fig"} *A* and *B*). The secreted viral DNA was reduced by 52% after 72 hours of treatment with alisporivir 20 μg/mL, compared with cells incubated with medium only (*P* \< .01). The level of intracellular HBV DNA also was reduced by approximately 60% after 72 hours of treatment with 5 and 20 μg/mL of alisporivir (*P* \< .01). NIM811 treatment of HepG2215 and of HepaRG cells also reduced the secreted and intracellular nucleocapsid-associated HBV DNA, however, its antiviral effect was lower than alisporivir ([Supplementary Figure 3](#appsec1){ref-type="sec"}). The difference between NIM811 and alisporivir in reducing HBV-DNA level was particularly apparent with HepG2215 cells at 5 μg/mL: 6% vs 34% HBV-DNA reduction at 48 hours.Figure 1ALV suppresses HBV replication in liver-derived cell lines. HepG2215, HuH-7, and HepaRG cells were treated with 0.25, 1, 5, and 20 μg/mL of ALV and HBV DNA was quantitated by real-time PCR. Cells and supernatants were collected every 24 hours. HepG2215 cells: (*A*) secreted-virus (SV) HBV DNA and (*B*) intracellular nucleocapsid-associated (INA) HBV DNA. HuH-7 cells: (*C*) SV HBV DNA and (*D*) INA HBV DNA. (*E*) Southern blot analysis of intracellular HBV DNA from HuH-7 cells. The positions of relaxed circular (RC), double-strand linear (DSL), and single-strand (SS) DNA intermediates are indicated. (*F*) HepaRG: INA HBV DNA during 7 days (168 hours) of treatment. Mean values and the SD of 3 independent experiments are shown. \**P* values less than .05, \*\**P* values less than .01, and \*\*\**P* values less than .001 for ALV-treated vs nontreated cells.

In HuH-7 cell cultures, the control experiments for transfection efficiency (β-gal staining) showed HBV replication in 30%--40% of cells. Alisporivir treatment of HBV-transfected HuH-7 cells also resulted in a dose-dependent reduction of secreted and intracellular HBV DNA. The most profound reduction was observed after 72 hours of treatment with alisporivir at 5 μg/mL (58% and 73%, respectively) and 20 μg/mL (64% and 58%, respectively) ([Figure 1](#fig1){ref-type="fig"} *C* and *D*). Overall, the alisporivir antiviral activity was greater in transiently transfected HuH-7 cells in comparison with stably transfected HepG2215 cells (*P* = .038 for secreted HBV DNA and *P* \< .001 for cytoplasmic HBV DNA). As stated earlier, alisporivir at 5 μg/mL reduced intracellular HBV-DNA levels by 73% and 58% in HuH-7 and HepG2215 cells, respectively, after 72 hours of treatment ([Figure 1](#fig1){ref-type="fig"} *B* and *D*). This difference was even more apparent at earlier time points. After 24 hours, the intracellular HBV-DNA reduction in HepG2215 cells and HuH-7 cells was 16% and 64%, respectively ([Figure 1](#fig1){ref-type="fig"} *B* and *D*). Importantly, the Southern blot analysis of intracellular DNA supports the quantitative real-time PCR results outlined earlier because alisporivir reduced intracellular HBV DNA in a dose-dependent manner ([Figure 1](#fig1){ref-type="fig"} *E*).

HBV-infected HepaRG cells were treated with alisporivir or NIM811 for 7 days, starting 16 hours after HBV inoculation ([Supplementary Figure 1](#appsec1){ref-type="sec"}). Also in this model, the cyclophilin inhibitors reduced HBV-DNA level ([Figure 1](#fig1){ref-type="fig"} *F* and [Supplementary Figure 3](#appsec1){ref-type="sec"}). After 120 and 168 hours of treatment with the highest concentration of alisporivir, intracellular nucleocapsid-associated HBV DNA was reduced by 80% and 90%, respectively, similar to the effect of NIM811: 70% and 90% reduction, respectively.

Alisporivir and NIM811 Inhibit HBsAg Production and Secretion {#sec2.2}
-------------------------------------------------------------

In HepG2215 cells, there were minimal changes in sHBsAg or iHBsAg levels ([Figure 2](#fig2){ref-type="fig"} *A* and *B*). The magnitude of reduction of sHBsAg by both alisporivir and NIM811 was lower than the reduction of HBV-DNA level ([Supplementary Figures 3 and 4](#appsec1){ref-type="sec"}). In HuH-7 cells, significant reductions in both sHBsAg and iHBsAg were observed with the two highest alisporivir concentrations ([Figure 2](#fig2){ref-type="fig"} *C* and *D*). The most significant change was seen after 72 hours of treatment with 20 μg/mL alisporivir, in which sHBsAg was reduced by 69% and iHBsAg was reduced by 53%. In all experiments, alisporivir treatment was not cytotoxic for HepG2215 and HBV-transfected HuH-7 cells, as shown by LDH release assay ([Supplementary Figure 5](#appsec1){ref-type="sec"}).Figure 2ALV decreases HBsAg production and secretion. HepG2215 and HuH-7 cells were treated with 0.25, 1, 5, and 20 μg/mL of ALV over 72 hours. Cells and supernatants were collected every 24 hours and HBsAg levels were quantitated by ELISA. HepG2215 cells: (*A*) sHBsAg and (*B*) iHBsAg. HuH-7 cells: (*C*) sHBsAg and (*D*) iHBsAg. Mean values and the SD of 3 independent experiments are shown. \**P* values less than .05, \*\**P* values less than .01, and \*\*\**P* values less than .001 for ALV-treated vs nontreated cells.

Silencing of Cyclophilin Expression Reduces HBV Replication {#sec2.3}
-----------------------------------------------------------

To determine the relative involvement of different cyclophilins in HBV replication, the expression of CYPA, B, C, and D were silenced selectively with a respective siRNA. The degree of gene silencing with a range of CYPA, B, C, or D siRNA concentrations was assessed over a 96-hour period by real-time PCR ([Supplementary Figure 6](#appsec1){ref-type="sec"}). The efficiency of the transfection and the siRNA delivery were assessed with siGLO and glyceraldehyde-3-phosphate dehydrogenase, respectively ([Supplementary Figure 6](#appsec1){ref-type="sec"} *D* and *E*). The expression of CYPA, C, or D mRNA in HepG2215 cells was reduced markedly (by ≥80%) in comparison with the controls treated with nontargeting, scrambled siRNA for the duration of the experiment ([Supplementary Figure 7](#appsec1){ref-type="sec"} *A*). The CYPA gene silencing also efficiently reduced the intracellular CYPA protein when tested by ELISA ([Supplementary Figure 7](#appsec1){ref-type="sec"} *B*), or by Western blot ([Supplementary Figure 7](#appsec1){ref-type="sec"} *C*).

Both secreted and intracellular HBV-DNA levels were reduced by 80% and 97%, respectively, in CYPA-silenced cells ([Figure 3](#fig3){ref-type="fig"} *A* and [3](#fig3){ref-type="fig"} *B*). Secreted HBsAg was reduced by 65% in the same cells ([Figure 3](#fig3){ref-type="fig"} *C*). The CYPA-silenced cells were treated with alisporivir and compared with the CYPA-silenced cells without alisporivir (CYPA + no alisporivir) to determine whether alisporivir inhibition of other cellular cyclophilins would enhance the antiviral effect of silencing CYPA. The addition of ALV did not result in any further decrease in the levels of secreted and intracellular nucleocapsid-associated HBV DNA and sHBsAg ([Figure 3](#fig3){ref-type="fig"}).Figure 3Silencing of CYPA suppresses HBV replication and HBsAg secretion. HepG2215 cells were transfected with CYPA siRNA and seeded in a culture plate for 48 hours and then treated with 0.25, 1, and 5 μg/mL of ALV over 72 hours. Cells and supernatants were collected every 24 hours. (*A*) Secreted-virus (SV) HBV DNA, (*B*) intracellular nucleocapsid-associated (INA) HBV were quantified by real time PCR. (*C*) sHBsAg was measured by ELISA. Mean values and the SD of 3 independent experiments are shown. \**P* values less than .05, \*\**P* values less than .01, and \*\*\**P* values less than .001 for CYPA siRNA ± ALV-treated vs scrambled siRNA-treated cells.

We also used HuH-7 cells with stable CYPA KD ([Supplementary Figure 7](#appsec1){ref-type="sec"} *D*) and assessed the impact on HBV replication and HBsAg. The secreted HBV DNA was reduced by 50% in these cells in comparison with normal HuH-7 cells ([Figure 4](#fig4){ref-type="fig"} *A*), and adding alisporivir had only a marginal effect. Intracellular nucleocapsid-associated HBV DNA was affected even more in this cell line with a 90% reduction ([Figure 4](#fig4){ref-type="fig"} *B*). Secreted HBsAg also was reduced significantly (90%) whereas intracellular HBsAg accumulated in these cells ([Figure 4](#fig4){ref-type="fig"} *C* and *D*). Interestingly, treatment of the CYPA KD cells with alisporivir (20 μg/mL) profoundly decreased intracellular HBsAg levels. In CYPC-silenced cells, secreted and intracellular nucleocapsid-associated HBV DNA were reduced by 61% and 93%, respectively, compared with negative controls ([Figure 5](#fig5){ref-type="fig"} *A* and *B*) and HBsAg levels were reduced by 30% ([Figure 5](#fig5){ref-type="fig"} *C*). The result of silencing CYPD was similar to silencing CYPC-as secreted and intracellular nucleocapsid-associated HBV DNA and sHBsAg, which were reduced by 62%, 96%, and 30%, respectively ([Figure 5](#fig5){ref-type="fig"} *D--F*). CYPA silencing with siRNA resulted in a greater reduction in secreted HBV DNA and sHBsAg compared with siRNA silencing of CYPC or CYPD. As stated earlier, at 72 hours treatment, the silencing of CYPA reduced secreted HBV DNA by 80% ([Figure 3](#fig3){ref-type="fig"} *A*) compared with 60% in CYPC or CYPD-silenced cells ([Figure 5](#fig5){ref-type="fig"} *A* and *D*). At the same time point, sHBsAg was reduced by 65% ([Figure 3](#fig3){ref-type="fig"} *C*) compared with 30% in CYPC or CYPD silenced cells ([Figures 5](#fig5){ref-type="fig"} *C* and *F*, respectively). Interestingly, adding alisporivir to CYPC and CYPD-silenced cells further reduced the 3 viral parameters measured ([Figure 5](#fig5){ref-type="fig"}). This increased effect in the presence of alisporivir was seen only when the levels of secreted and intracellular DNA as well as sHBsAg were still increased in the cyclophilin-silenced cells such as at 24 hours for intracellular nucleocapsid-associated DNA and 48 and 72 hours for sHBsAg. This additional effect of alisporivir, however, disappeared when the levels of secreted and intracellular nucleocapsid-associated HBV DNA became very low in cyclophilin-silenced cells.Figure 4Stable KD of CypA decreases HBV replication and HBsAg secretion but not HBsAg production. CYPA KD HuH-7 cells were seeded in a culture plate and transfected with HBV DNA plasmid pSM2 and then treated with 5 and 20 μg/mL of ALV over 72 hours. Cells and supernatants were collected at BL and 72 hours. (*A*) Secreted-virus (SV) HBV DNA and (*B*) intracellular nucleocapsid-associated (INA) HBV DNA were quantified by real-time PCR. (*C*) SHBsAg and (*D*) iHBsAg were measured by ELISA.Figure 5siRNA silencing of CYPC and CYPD decreases HBV replication and HBsAg secretion but to a lesser extent than CYPA. HepG2215 cells were transfected with CYPC and CYPD siRNA and seeded in a culture plate for 48 hours and then treated with 0.25, 1, and 5 μg/mL of ALV over 72 hours. Cells and supernatants were collected every 24 hours. (*A* and *D*) Secreted-virus (SV) HBV DNA and (*B* and *E*) intracellular nucleocapsid-associated (INA) HBV DNA were quantified by real-time PCR. (*C* and *F*) SHBsAg was measured by ELISA. Mean values and the SD of 3 independent experiments are shown. \**P* values less than .05, \*\**P* values less than .01, \*\*\**P* values less than .001 for CYPC/D siRNA ± ALV-treated vs scramble siRNA-treated cells. ^†^*P* values less than .05, ^††^*P* values less than .01, ^†††^*P* values less than .001 for CYPC/D siRNA-treated vs CYPC/D siRNA+ALV-treated cells.

Cyclophilin Levels in Alisporivir-Treated Cells {#sec2.4}
-----------------------------------------------

Because CYPA represents a key target for cyclophilin inhibitors, we analyzed the changes of intracellular CYPA levels in untreated and alisporivir-treated HepG2215 and HuH-7 cells. In HepG2215 cells, the CYPA levels were 16 times lower than in HuH-7 cells ([Figure 6](#fig6){ref-type="fig"} *A* and *B*) and were not affected by the alisporivir treatment, whereas in HuH-7 cells the alisporivir treatment resulted in a dose-dependent decrease of intracellular CYPA levels. The corresponding levels of CYPB in culture supernatants of HuH-7 cells increased steadily, dependent on time and alisporivir concentration ([Figure 6](#fig6){ref-type="fig"} *C*), in accordance with the previous findings of CYPB release from alisporivir-treated cells.[@bib21] In HepaRG cells, the CYPA and CYPB levels were similar to those in HuH-7 (data not shown).Figure 6CYPA and CYPB levels in alisporivir-treated cells HepG2215 and HBV-transfected HuH-7 cells were treated with 0.25, 1, 5, and 20 μg/mL of alisporivir over 72 hours. Intracellular CYPA was quantitated by ELISA in (*A*) HepG2215 and (*B*) HuH-7 cells. (*C*) CYPB in supernatants was quantitated by ELISA in HuH-7 cells.

Combination of Alisporivir Plus a Direct Antiviral Agent Results in a Greater Reduction of HBV and HBsAg Levels {#sec2.5}
---------------------------------------------------------------------------------------------------------------

A significantly greater reduction of HBV replication was observed with alisporivir in combination with a direct antiviral agent, telbivudine, compared with alisporivir alone. This was more apparent at the lower concentrations of alisporivir: 0.25 and 1 μg/mL ([Figure 7](#fig7){ref-type="fig"} ). Secreted viral DNA and intracellular nucleocapsid-associated HBV DNA were reduced by 39% and 62%, respectively, in cells treated with 0.25 μg/mL alisporivir plus 10 μmol/L telbivudine vs 9% and 0% in cells treated with alisporivir alone at 48 hours ([Figure 7](#fig7){ref-type="fig"} *A* and *B* compared with [Figure 1](#fig1){ref-type="fig"} *A* and *B*). Furthermore, at 48 hours, the reduction of secreted HBV DNA was more apparent with alisporivir plus telbivudine, compared with telbivudine alone ([Figure 7](#fig7){ref-type="fig"} *A*). The combination of alisporivir plus telbivudine had a similar effect on sHBsAg and iHBsAg levels compared with alisporivir alone ([Figure 7](#fig7){ref-type="fig"} *C* and *D* compared with [Figure 2](#fig2){ref-type="fig"} *A* and *B*).Figure 7Telbivudine (LdT) plus alisporivir combination has a greater antiviral effect than alisporivir or telbivudine alone. HepG2215 cells were treated with 0.25, 1, 5, and 20 μg/mL of alisporivir alone and in combination with 10 μmol/L of LdT or 10 μmol/L of LdT alone. Cells and supernatants were collected every 24 hours. (*A*) Secreted-virus (SV) HBV DNA and (*B*) intracellular nucleocapsid-associated (INA) HBV DNA were quantified by real-time PCR. (*C*) sHBsAg and (*D*) iHBsAg were quantified by ELISA. Mean values and the SD of 3 independent experiments are shown. \**P* values less than .05, \*\**P* values less than .01, \*\*\**P* values less than .001 for ALV/LdT-treated vs nontreated cells. ^†^*P* values less than .05, ^††^*P* values less than .01 for alisporivir-treated vs ALV/LdT-treated cells.

Discussion {#sec3}
==========

HBV is the smallest human DNA virus with a unique genomic organization and replication mechanism.[@bib23] Viral replication takes place in the cytoplasm of infected hepatocytes with 3 subsets of HBV-RNA transcripts: pregenomic RNA, envelope preS/S RNAs, and HBx mRNA, encoding all structural and nonstructural viral proteins. Characteristic of HBV infection are the spheric and filamentous subviral particles composed exclusively of viral envelope proteins and host-derived lipids, which are produced 10^3^- to 10^6^-fold in excess to full virions and secreted from hepatocytes.[@bib23] By using 3 different in vitro HBV models: stably transfected (HepG2215), transiently transfected (HuH-7), and HBV-infected (HepaRG) cells, the present study shows that cellular cyclophilins have a major role in the HBV life cycle in hepatocytes. Blocking cyclophilins' enzymatic activity with small molecules, alisporivir or NIM811, or the selective silencing of individual cyclophilins with siRNA, markedly reduced HBV-DNA replication, as well as HBsAg production and secretion from cells. CYPA is one of the most abundant cytosolic proteins (approximately 0.1% of cell proteins)[@bib2] and the present study shows the major utilization of cyclophilin A both in HBV replication and in HBV envelope protein secretion from hepatocytes. The experiments using HuH-7 cells with stable CYPA KD, and the findings that ALV enhanced HBV DNA and HBsAg reduction in CYPC and CYPD-silenced cells show that CYPA is important for the formation of intracellular, nucleocapsid-associated HBV DNA and viral secretion, as well as for HBsAg secretion from cells. The quantitation of intracellular CYPA showed a greater amount in HuH-7 than in HepG2215 cells, which is the likely explanation for the much greater effect of alisporivir on HBsAg secretion from HuH-7 compared with HepG2215 cells. Importantly, cyclophilin inhibitors, such as alisporivir and NIM811, block all cellular cyclophilins and in HepG2215 cells there was a dose-dependent reduction in HBV DNA. The data thus suggest that, in this model, the antiviral effect was primarily a result of alisporivir and NIM811 targeting other cyclophilins (eg, CYPD and/or CYPC), leading to the observed HBV-DNA reduction in these cells.

The results from the present study together with previously published data indicate that the mechanisms by which alisporivir and NIM811 impact HBV replication and HBsAg production are likely to involve interference at multiple sites of the HBV life cycle. First, the finding that cyclophilin inhibition reduces intracellular nucleocapsid-associated HBV DNA in the cytoplasm suggests an antiviral effect on the production of new virions and a reduction in the recirculation of HBV nucleocapsids from the cytoplasm to the nucleus, which is a key mechanism to replenish the viral template. We found a marked reduction of intracellular HBV DNA in cells with stable CYPA KD, along with intracellular HBsAg accumulation. Previous studies have shown the intracellular interaction between CYPA and HBsAg and their close association during secretion from liver cells.[@bib24] Thus, cyclophilin inhibitors will disrupt the CYPA/HBsAg complex and reduce envelope protein secretion. Second, Hepatitis B x Antigen (HBxAg), which is essential for HBV replication, associates with the outer membrane of mitochondria, and by regulating cytosolic calcium and signaling it drives HBV replication.[@bib25], [@bib26], [@bib27] NIM811 was shown to block cytosolic calcium signaling and the opening of mitochondrial permeability transition pores as a result of its inhibition of CYPD.[@bib28] Therefore, blocking CYPD interferes with HBxAg regulation of calcium and will impact HBV replication negatively. Third, CYPA is an important co-factor for lipids and apolipoprotein B (apoB) trafficking and NIM811 was shown to decrease apoB secretion, as well as the egress of HCV particles from JFH1--HCV--infected cells.[@bib13] Because cellular lipids are part of the HBV envelope proteins, the impact of cyclophilin inhibition on apoB secretion is likely to interfere with the intracellular formation and secretion of lipoproteins part of HBV viral and subviral particles. Fourth, recent findings have shown that the sodium taurocholate cotransporting polypeptide, a membrane bile acid transporter expressed in the liver, is a functional receptor for HBV and hepatitis Delta virus, via pre-S1 binding.[@bib29], [@bib30] Moreover, cyclosporin A and nonimmunosuppressive analogues, such as alisporivir, recently were shown to inhibit HBV entry into cells by blocking the sodium taurocholate cotransporting polypeptide, which is a cyclophilin-independent mechanism.[@bib31], [@bib32]

The ultimate treatment goal of patients with chronic hepatitis B is to prevent the development of cirrhosis, liver failure, and hepatocellular carcinoma. HBsAg is the hallmark of HBV infection and HBsAg loss, with or without seroconversion to antibody to hepatitis B surface antigen, is the ideal treatment end point, is associated with improved long-term outcome,[@bib33], [@bib34], [@bib35] shows markedly enhanced antiviral T-cell reactivity,[@bib36] and it allows therapy to be stopped with a minimal risk of relapse. Although the nucleos(t)ide polymerase antivirals are potent inhibitors of HBV replication and result in a profound reduction of circulating HBV, they have little effect on HBsAg transcription/subviral particle production. HBsAg loss has been reported to occur in 2%--8% of HBeAg-positive patients and in 0%--5% of HBeAg-negative patients after 3--5 years of continuous treatment.[@bib33], [@bib37] The clinical implication of the present study is that it provides in vitro evidence supporting a new therapeutic approach in chronic hepatitis B with a combination of a direct antiviral agent (such as the HBV-DNA polymerase inhibitors) with a host-targeting antiviral (such as alisporivir), which is likely to increase the rate of HBsAg clearance. Alisporivir is a host-targeting antiviral agent currently in development for the treatment of chronic hepatitis C. Analyses of the clinical database, involving more than 2000 patients, show that alisporivir is well tolerated and has a markedly better safety profile when given as interferon-free treatment than with interferon-containing treatment.[@bib38] A combination treatment with an HBV nucleos(t)ide polymerase inhibitor plus alisporivir could be beneficial because of the interference at multiple sites of the HBV life cycle, especially the additional effects in reducing HBsAg production and secretion, plus blocking HBV entry into noninfected hepatocytes. In the present study, the combination of alisporivir plus telbivudine showed greater impact on HBsAg and supports the potential utility of this combination, which deserves to be tested in clinical studies.

In conclusion, cyclophilins are involved in multiple steps of the HBV life cycle in infected hepatocytes and blocking their enzymatic activity using nonimmunosuppressive cyclophilin inhibitors reduces viral replication and HBV envelope protein production and secretion. The combination of alisporivir, a host-targeting agent, and an HBV polymerase inhibitor, was found to decrease HBsAg production markedly, as well as HBV replication, indicating a potential utility for a more effective therapy in chronic hepatitis B.

Supplementary Materials and Methods {#appsec1}
===================================

Dose-Dependent Silencing of Cellular Cyclophilin Expression {#appsec1.1}
-----------------------------------------------------------

The siRNA oligonucleotides for CypA, CypB, CypC, and CypD (M-004979-01-0005; M-004606-00-0005; M-008819-00-0005; M-009708-00-0005; siGENOME SMART pool; Thermo Scientific Dharmacon) were prepared in Opti-MEM medium at the following concentrations: 300, 600, 1000, and 1500 nmol/L. Lipofectamine was diluted in Opti-MEM medium at a ratio of 1:50 for 5 minutes. Each siRNA concentration was mixed with the Lipofectamine complex, gently mixed, and incubated for 30 minutes. HepG2215 cells seeded at a density of 1 × 10^5^ cells per well were treated to this siRNA:Lipofectamine complex and incubated for 24, 48, 72, and 96 hours at 37°C. The cells also were transfected at these different time points with siGLO Green to assess the transfection efficiency. The cellular RNA was extracted from the cells, reverse-transcribed, and quantitated by real-time PCR as previously described.[@bib39] The primers used were commercially available (HsPPIA_1\_SG; HsPPIB_1\_SG; HsPPIC_1\_SG; HsPPIF_1\_SG; and β-actin as the house-keeping gene HB-ACTB_1\_SG; Qiagen).

Dose-Dependent Inhibition of Secreted HBV DNA by Telbivudine in HepG2215 Cells {#appsec1.2}
------------------------------------------------------------------------------

Telbivudine stock solutions of 2000× were made in 100% DMSO and diluted to prepare the following working concentrations: 0.04 μmol/L (9.6 × 10^-3^ μg/mL), 0.16 μmol/L (0.038 μg/mL), 0.65 μmol/L (0.157 μg/mL), 2.5 μmol/L (0.605 μg/mL), 10 μmol/L (2.42 μg/mL), and 20 μmol/L (4.84 μg/mL). HepG2215 cells were treated with these working solutions of telbivudine at BL, and at 24, 48, and 72 hours. The telbivudine-containing media were replaced every 24 hours. The supernatants were collected at every time point and the HBV DNA extracted from the supernatants was quantitated by real-time PCR.Supplementary Figure 1The 3 in vitro HBV models used: stably transfected HepG2215 cells, transiently transfected HuH-7 cells, and HBV-infected HepaRG cells, with the time points of sample collection after treatment with cyclophilin inhibitors: alisporivir (ALV), or NIM (NIM811). During treatment with the compounds used (ALV, NIM, or telbivudine) for all cell lines, the culture medium including fresh compound was replaced every 24 hours. Cells and supernatants were collected at each time point as shown. HepaRG cells were infected with HBV derived from 5-day culture supernatant of AD38 cells, in the presence of 4% PEG8000. After 16 hours, the cells were washed thoroughly and the culture medium replaced with fresh William's Medium E with HepaRG Maintenance Medium Supplement plus GlutaMAX, containing different concentrations of the test compounds ALV or NIM811. HepaRG cell viability, before adding the compounds and after 7-day culture, was checked with trypan blue exclusion and always exceeded 90%. Supplementary Figure 2Dose-dependent inhibition of secreted HBV DNA by telbivudine (LdT) in 2215 cells. HepG2215 cells were treated at BL, and at 24, 48, and 72 hours with 0.04, 0.16, 0.65, 2.5, 10, and 20 μmol/L of LdT. The levels of secreted-virus (SV) HBV DNA were quantitated by real-time PCR. The mean values and the SD of 3 independent experiments are shown. \**P* values less than .05, \*\**P* values less than .01, and \*\*\**P* values less than .001 for LdT-treated vs nontreated cells. Supplementary Figure 3NIM811 also suppresses HBV replication and HBsAg secretion in HepG2215 cells and HepaRG. HepG2215 and HepaRG cells were treated with 0.25, 1, and 5 μg/mL of NIM811 and ALV over 72 hours and HBV DNA was quantitated by real-time PCR. Cells and supernatants were collected every 24 hours. HepG2215 cells: (*A* and *B*) secreted-virus (SV) HBV DNA and (*C* and *D*) intracellular nucleocapsid-associated (INA) HBV DNA. HepaRG: (*E* and *F*) INA HBV DNA. Mean values and the SD of 3 independent experiments are shown. \**P* values less than .05, \*\**P* values less than .01, and \*\*\**P* values less than .001 for NIM811-treated vs nontreated cells. The ALV-treated figures were added for comparison purposes. Supplementary Figure 4In HepG2215 cells, sHBsAg was measured by ELISA after treatment with (*A*) NIM811 and (*B*) ALV. Mean values and the SD of 2 independent experiments are shown. \*\*\**P* values less than .001 for treated vs nontreated cells. Supplementary Figure 5ALV cytotoxicity. HepG2215 cells were treated with 0.25, 1, 5, and 20 μg/mL of ALV alone, in combination with 10 μmol/L of telbivudine (LdT) or 10 μmol/L of LdT alone. Supernatants were collected every 24 hours. LDH was measured by absorbance in HepG2215 treated with (*A*) ALV alone, (*B*) ALV/LdT, and in HBV-transfected HUH-7 treated with (*C*) ALV alone. Supplementary Figure 6Dose-dependent inhibition of cellular cyclophilin expression by cyclophilin-specific siRNA. Inhibition of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) by GAPDH-specific siRNA and transfection efficiency (siGLO). HepG2215 cells were transfected with CypA, B, C, and D siRNA at 30, 60, 100, and 150 nmol/L for 24, 48, 72, and 96 hours. (*A*) CypA, (*B*) CypC, and (*C*) CypD expressions were measured in the cyclophilin siRNA-treated cells by real-time PCR. As controls. HepG2215 cells were transfected with GAPDH siRNA and siGLO transfection indicator for 48 hours. (*D*) GAPDH expression was measured in GAPDH and CypA siRNA-treated cells at BL (48 h after transfection), and at 24, 48, and 72 hours by real-time PCR. (*E*) Transfection efficiency was measured by flow cytometry at BL and 72 hours. ND, not done. The mean values and the SD of 2 independent experiments are shown. FITC, fluorescein isothiocyanate; SSC, side scatter. Supplementary Figure 7Cyclophilin inhibition by siRNA. HepG2215 cells were transfected with siRNAs specific for CypA, CypC, or CypD, or scramble siRNA (negative control) at baseline. (*A*) The cells subsequently were cultured for up to 96 hours and the expression of the respective cyclophilin mRNA was quantitated by real-time PCR in cell extracts collected every 24 hours, relative to the expression in the controls: cells transfected with scramble siRNA. Mean values and the SD of 3 independent experiments are shown. (*B*) In the same experiment, the knock-down effect of siRNA at a protein level was assessed by quantitation of CYPA in the HepG2215 cells by ELISA. (*C*) The specificity of siRNA in reducing the CYPA expression in HepG2215 cells was tested by Western blotting to detect CYPA, CYPB, and CYPD. (*D*) Western blot of HuH-7 cells, transfected with CypA short hairpin RNA (shRNA), confirms the marked reduction of CYPA in these cells. \**P* values less than .05, and \*\**P* values less than .01 for Cyp siRNA-treated vs scramble siRNA-treated cells.
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